About the time the Eggleton and Eggleton (1927) (2) and Fiske and Subbarow (1929) (3) discovered PCr in vertebrate skeletal muscle, Meyerhof and Lohmann (20) found another phosphagen, PArg, in crustacean muscle (4) . Six years later, Lohmann demonstrated the reaction in muscle extracts prepared from crabs. The first equilibrium constant was performed by Lehmann in 1936, who reported a value of KЈ AK ϭ 3.1 at pH 7.7 in the direction of ATP, a value close to unity (6) . The next major study on the thermodynamics AK was by Szorenyi et al. (7) , who reported a constant of 500 at pH 6.1 and 5.9 at pH 9.1. The soviet study provided the first glimpse into the major effect of pH on KЈ AK (8) .
Nearly two decades later Uhr et al. (9) studied the effect of magnesium on the AK equilibrium. By substituting the initial rates of reaction into the Haldane relationship, they calculated KЈ AK ϭ 2.4 at pH 8.0, [Mg 2ϩ ] ϭ 1.0 mM at 30°C, and unspecified ionic strength (I) (9) . Using a second approach of attaining equilibria, then stopping the reaction and measuring ATP, they obtained KЈ AK values of 0.82, 0.47, and 0.41 at [Mg 2ϩ ] concentrations of 0.12, 0.61, and 1.93 mM, respectively (9) . In 1969, Smith and Morrison (10) reinvestigated the kinetics and equilibria of arginine kinase and reported a similar value of KЈ AK ϭ 1.3 in the direction of ATP formation.
In 1986 Graham et al. (11) measured the forward and reverse fluxes of the arginine kinase using saturation transfer 31 P NMR in the isolated scallop adductor muscle in vitro. In addition, these researchers made some equilibrium measurements and reported a value for KЈ AK of 54 Ϯ 6 at pH 7.1, 25°C. More recently, Ellington (12) used 31 P NMR and a multiple equilibria approach to determine the value of KЈ AK at pH 7.25, 35°C at unspecified free [Mg 2ϩ ] and I. By allowing the creatine kinase and the arginine kinase reactions to reach equilibrium simultaneously in solution and assuming a KЈ CK of 100, these workers calculated that KЈ AK was 13% that of the value of KЈ CK , or KЈ AK ϭ 13 (12) . Their NMR value of 13 agreed within 5% of the value determined by more conventional enzymatic analysis (12) .
What emerges from this brief history is that even the best attempts to estimate KЈ AK suffer from a number of analytical problems that make it difficult to compare values between laboratories. The aim of the present study is to provide a quantitative assessment of the thermodynamics of the AK reaction at specified conditions of pH, pMg, T, and I. In addition we will examine the effect of temperature (5 to 40°C), pH (6.4 -8.2), free [Mg 2ϩ ] (0.1 to 4 mM), and ionic strength (0.13-0.34 M). Last, our data will be compared and discussed with the thermodynamic properties of the creatine kinase reaction (13, 14) .
MATERIALS AND METHODS
Enzymes and Chemicals-Arginine kinase (EC 2.7.3.3) was purchased as 3.2 M ammonium sulfate suspension from lobster tail muscle (Sigma). Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) grade 1 from yeast, hexokinase (EC 2.7.1.1) from yeast, lactate dehydrogenase (EC 1.1.1.27) from beef heart, and pyruvate kinase (EC 2.7.1.40) from rabbit skeletal muscle were purchased as the 3.2 M ammonium sulfate suspensions from Roche Molecular Biochemicals.
Pyruvate monosodium salt, ATP-crystallized disodium salt, ADP disodium salt, P-enolpyruvate tricyclohexylammonium salt, NADH monosodium salt (grade 1), and NADP disodium salt (98%) were also obtained from Roche Molecular Biochemicals. D-Glucose, imidazole (low fluorescence blank 0.002%), Trizma (Tris base (hydroxymethyl)aminomethane)), phosphate potassium salt (monobasic and dibasic), and EDTA (acid form) were purchased from Sigma. All other chemicals were reagent grade. Phosphoarginine disodium salt, arginine HCl (ultra Ͼ99%), phosphate sodium salt (monobasic and dibasic), potassium chloride, magnesium chloride (anhydrous), and the potassium salts of ATP and ADP were purchased from Sigma.
Instrumentation and Equilibrium Determinations-NADH or NADP oxidation-reduction was monitored at 340 nm and 1-cm path-length using a GBC 918 UV-visible spectrophotometer (GBC Scientific Equipment Pty. Ltd. Melbourne Australia), taking the extinction coefficient of NADH under these conditions to be 6.22 ϫ 10 ϩ6 cm 2 /mol at 340 nm. In those instances where the limitations of the UV-visible spectrophotom-eter were reached (e.g. ADP) when the equilibrium was approached, favoring ATP and arginine formation, the oxidation of NADH was monitored by a change in fluorescence using a Farrand Ratio-2 fluorometer (Optical Technology Devices, Inc., Elmsford, NY) and disposable borosilicate Kimble glass culture tubes (10 ϫ 75 mm).
The AK reaction was carried out from the forward and reverse direction in 50 mM potassium phosphate, pH 7.0, 110 mM potassium chloride, and 5.8 mM magnesium chloride. For the forward direction, the reaction buffer contained an additional 5 mM PArg and 5 mM ADP. The reaction buffer for the reverse direction contained 5 mM Arg and 5 mM ATP but no PArg or ADP. A 10-ml aliquot of each reaction buffer was placed in separate 10-ml conical-bottom reaction vials with Vshaped magnetic stirring bars (Pierce). These reaction vials were sealed with removable Teflon caps and placed in a Neslab RTE100 temperature-controlled water bath (Neslab Instruments, Portsmouth, NH). The experimental temperature was maintained Ϯ 0.1°C. A water/air-powered magnetic stir motor operating at approximately 150 revolutions/ min was used to mix the reaction vials throughout the experiment. The temperature of the water bath was initially set at 5°C. The reaction buffer pH was monitored using a Radiometer Copenhagen PHM 93 Reference pH meter, with a Radiometer Copenhagen PHC 2005 electrode.
During the temperature experiments, the pH meter was calibrated at each experimental temperature using the Radiometer Copenhagen 47.5 mM phosphate S11M004 pH 7.0 Ϯ 0.01 at 25°C. This pH standard had a temperature coefficient (⌬pH/⌬t°C) of Ϫ0.0028. This was appropriate for our experimental reaction buffers that contained 50 mM phosphate. The vials containing the reaction buffer were allowed 20 min to reach temperature before initiation of the reaction with enzyme. A stock 200-l aliquot of AK in 3.2 M ammonium sulfate, 0.01 M glycine buffer, pH 8.0, 0.01 M mercaptoethanol, and 1.0 mM EDTA was placed into a 1.5-ml Eppendorf test tube and centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant was then carefully removed and discarded. The enzyme precipitate was dissolved in 175 l of 50 mM potassium phosphate, pH 7.0, and placed on ice until the time of use. 25 l of this prepared enzyme solution was added to each 10-ml reaction vial. After the 1-h equilibration period, pH readings of each reaction vial were taken in triplicate before the removal of a 1-ml aliquot. This 1-ml aliquot of reaction buffer was placed in a Centricon 30 spin filter housed in a centrifuge rotor maintained at 5°C. The sample was then centrifuged at 4500 ϫ g in a centrifuge maintained at the same temperature for 5 min, and the filtrate was retained. The enzyme-free filtrate containing the reactants of the AK reaction were removed and kept at Ϫ80°C until analysis.
The temperature was then reset on the water bath to 15°C, new filters were placed in the rotor head, and the reaction was allowed 1 h to establish equilibrium at the new temperature. The same process was repeated at 15, 25, 33, and 40°C, and the rotor head and centrifuge were maintained at the different temperatures. Experiments studying the variation of pH, free [Mg 2ϩ ], and I were carried out in a similar manner. For the pH experiment, initial reaction buffers were the same as for the temperature experiment, except the initial pH was adjusted to pH ϭ 6.4, and the initial temperature was set at 25°C. Potassium hydroxide (10 M stock) was added in l amounts to adjust the pH to 6.7, 7.0, 7.4, 7.8, and 8. Metabolic Assays-Spectrophotometric and fluorometric enzymatic assays were carried out according to the procedures described in Lowry and Passonneau (15) with the following modifications. Total adenosine 5Ј-triphosphate (ATP) was measured in 50 mM Tris-HCl, pH 8.1, 0.4 mM D-glucose, 1 mM MgCl 2 , 0.3 mM NADP containing 0.35 units/ml glucose-6-phosphate dehydrogenase. The reaction was initiated with 0.7 units/ml hexokinase and complete in 5 to 10 min.
Total phosphoarginine phosphate (PArg) was measured using high performance liquid chromatography (ICI) using two LC1100 HPLC pumps, a LC 1600 autosampler, a LC 1200 UV-visible detector and DP800 data collection module and software. The autosampler was cooled using a Neslab RTE-110 variable temperature water bath/pump set at 0°C. Samples were maintained at a constant 3°C for the duration of their time in the autosampler for a maximum of 3 h. It was determined by repeated measurements of the same sample over this time period that there was no loss of phosphoarginine. The separation was carried out using a Waters Spherisorb S5 SAX 4.6 ϫ 250-mm strong anion exchange analytical cartridge equilibrated with 0.5 mM sodium phosphate, 1.25 mM sodium chloride, pH 3.2, at a flow rate of 1 ml/min. Sample runs lasted 20 min with the initial conditions maintained until 7 min, at which the pump gradient program switched the eluent to 200 mM sodium phosphate, 500 mM sodium chloride, pH 4.5, at a flow rate of 1 ml/min. Phosphoarginine has a retention time of 4.6 min. The stronger buffer was used to wash off the ATP and ADP in the ). The intercept of log KЈ versus 1/T at 1/T ϭ 0 is equal to ⌬S°Ј/2.303 R, where ⌬S°Ј is defined as the standard apparent entropy of the reaction under the conditions defined. The standard apparent ⌬H°Ј for the arginine kinase reaction in the direction of ATP formation was Ϫ8.19 kJ mol Ϫ1 and ⌬S°Ј ϭ ϩ2.22 J K Ϫ1 mol Ϫ1 . sample. This wash with the second buffer lasted 15 min, at which time the column was re-equilibrated at the initial conditions for 5 min in preparation for the next sample. Total run time was 20 min with data collection only necessary for the first 10 min. Total arginine (Arg) was measured in 100 mM imidazole-HCl, pH 7.6, 5 mM [squlf], 30 mM KCl, 0.5 mM P-enolpyruvate, 1 mM ATP, 0.100 mM NADH containing 5 units/ml lactate dehydrogenase and 5 units/ml pyruvate kinase. The reaction was initiated by the addition of 150 units/ml arginine kinase. The reaction was complete in 10 min.
Total adenosine 5Ј-diphosphate (ADP) was assayed in 50 mM phosphate buffer, pH 7.0 (30 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 ), 2 mM MgCl 2 , 0.2 mM P-enolpyruvate, 0.2 mM EDTA, 0.100 mM NADH containing 1.25 units/ml lactate dehydrogenase. ADP was then measured by the addition of 5.0 units/ml pyruvate kinase. The reactions were complete in 5 min. The reagent for the fluorometric assay of ADP was identical to that described for the spectrophotometric assay, except that the NADH was reduced to 0.005 mM, and the reaction was initiated with 0.2 units/ml pyruvate kinase.
Method of Adjusting ⌬H°and Equilibrium Constants K to an Ionic Strength of 0.25 M-The ⌬H°values for the acid-dissociation and magnesium binding reactions used in our study are those used in Golding et al. (16) with the exception of the acid dissociation and magnesium binding constants to PArg. The temperature variation of K a for PArg was estimated using a ⌬H° (I ϭ 0) (17) . Briefly, the values are reported at 25°C, and an ionic strength of zero (I ϭ 0). The published ⌬H°values for the acid dissociation constant for PArg was based on values for PCr (14) . The magnesium binding constant for PArg was that reported in Data for Biochemical Research (18) . The ⌬H°value for the PArg magnesium binding constant was estimated from knowing the ⌬G°and the average value of ⌬S°for other similarly charged metabolites such as the magnesium binding reactions of PCr. 2 This method of estimating ⌬H°gave a value of 8.5 kJ mol -1 and was then checked by changing the value by 2-fold and examining its effect on our results. No differences were apparent, indicating that this binder has little effect on the total system of equations.
Calculation of the Concentrations of Free Mg 2ϩ and Other Ionic Species of the Arginine Kinase Reaction-The free [Mg 2ϩ
] and concentration of ionic species of reactants were calculated using a computer program written in the language of Mathematica® (Wolfram Research, MA). Briefly, total concentrations of reactants of the reaction at equilibrium, together with the total magnesium concentration, ionic strength, and the appropriate acid dissociation and metal binding constants, were substituted into a number of simultaneous equations. The ionic reactant species, free [Mg 2ϩ ], K refs , and all the buffer components were calculated (14, 16) .
Statistical Significance-Statistical significance between the equilibrium constants and temperature was assessed using Student's t test. All values reported are the mean ϮS.E. Linear regression analysis was used to determine the mathematical relationships between KЈ AK and the experimental parameters, unless otherwise stated. Changes in dependent variables are statistically assessed using a two-way repeated measured analysis of variance (ANOVA). The ␣ level of significance for all experiments was set at p Ͻ 0.05. All statistical analyses were performed using Microsoft Office 98.
RESULTS

Equilibrium was judged complete when the apparent KЈ, [ATP][Arg]/[ADP]
[PArg], agreed to within 15% at experimental conditions of pH, free [Mg 2ϩ ], and ionic strength from both directions. Table I (Table I) . From this point we will only refer to the calculated KЈ AK at specified conditions.
The effect of temperature on KЈ AK is shown in Fig. 1 . From the van't Hoff plot, the ⌬ f H°Ј for the AK biochemical reaction was Ϫ8.19 kJ mol Ϫ1 . Similarly, from the intercept, where 1/KЈ ϭ zero, the entropy (⌬ f SЈ°) was ϩ 2.2 J mol
Ϫ1
. The effect of temperature on the two chemical reactions was the following.
For Equation 3, the ⌬ f H°and ⌬ f S°was Ϫ16.10 kJ mol Ϫ1 and ϩ97.6 J mol
, respectively, and for Reaction 4, was Ϫ20.97 kJ mol Ϫ1 and ϩ41.1 J mol Ϫ1 (graph not shown, see Table II ). The effect of pH on the KЈ AK is shown in Fig. 2 . The AK reaction was studied at six different pH values, 6.4, 6.7, 7.0, 7.4, 7.8, and 8.2 at free [Mg 2ϩ ] of 1.0 mM, 25°C, and I ϭ 0.25 M. Like most other kinases, the AK reaction is extremely sensitive to pH. From a fall in pH from 8.2 to 6.4, KЈ AK varies 10-fold from 10 to about 100. Of interest in Fig. 2 is the excellent agreement between the measured effects of pH on KЈ AK (open circles) and the theoretical curve (closed black circles). This theoretical curve was calculated using K refAK from Equation 3 above and knowledge of acid dissociation and magnesium binding constants (16) . The equation linking KЈ AK to K AK is Table II ).
The effect of free [Mg 2ϩ ] on the KЈ AK is shown in Fig. 3 . The AK equilibrium was also studied at six values of free ] using the method as discussed above for pH. There was excellent agreement between the observed and predicted values of KЈ AK (Eq. 5).
The effect of ionic strength on the KЈ AK showed no significant differences between ionic strength of 0.13 and 0.34 M (graph not shown). Over this range of I, the KЈ AK changed from 32.5 to 31.
However, it should be mentioned that although the KЈ AK did not vary significantly, it does not preclude the necessity of adjusting the equilibrium constants of reference reactions to ionic strength as we have done throughout. The equation linking KЈ AK to K ref (Eq. 4) contains numerous acid dissociation and magnesium binding constants, that all require meticulous adjustment to the conditions of T and I.
DISCUSSION
This study examined in a quantitative manner the effect of temperature, pH, pMg, and I on the arginine kinase reaction. (12) . The underlying assumption for this prediction is that the arginine kinase operates near equilibrium in vivo as has been demonstrated for creatine kinase (19).
In contrast to the biochemical reaction, the ⌬G°for both reference reactions have much lower enthalpy contributions (Table III) . For the chemical reaction ADP 3Ϫ ϩ PArg 2Ϫ ϩ H ϩ 7 ATP 4Ϫ ϩ Arg (Eq. 3), the T⌬S°term contributes to 64% of the ⌬G°and 66% for the CK reaction. The similarities between the AK and CK reactions are probably because of the similarities in the acid dissociation constants (14, 16) . For the chemical reaction MgADP Ϫ ϩ MgPArg ϩ H ϩ 7 MgATP 2Ϫ ϩArg ϩ Mg 2ϩ (Eq. 4), the T⌬S°term contributes 36% to the overall ⌬G°and somewhat higher for the CK reaction. Again the differences are probably because of the magnesium binding constants for PArg and PCr. At present we do not know the reasons for the differences in the relative contributions of enthalpy and T⌬S°term to Gibbs energy between the biochemical and chemical reactions.
As would be expected there was no large differences between the relative effect pH and magnesium have on the AK and CK equilibria at 25°C. For example, a fall in pH from 7.4 to 6.4 increased the KЈ AK 8-fold (from 9.6 to 76.3) and for KЈ CK about 7-fold (95 to 700) (13, 16) . Similar trends hold true for the effect of magnesium. Changes in the KЈ values for both AK and CK constants increase about 3-fold for an increase in [Mg 2ϩ ] from 0.1 to 1.5 mM (13, 16) . In addition to the comparisons already discussed, the information provided in the present study can now be applied to more quantitative assessments between the cellular bioenergetics of invertebrate and vertebrate systems. can be calculated using total reactant concentrations obtained from 31 P NMR after adjustment of the constant to the pH and free [Mg 2ϩ ] of the tissues. These adjustments can be made using the equation linking the KЈ AK to the K ref (see Eq. 5). In addition, using the ⌬H°Ј of Ϫ8.19 kJ mol Ϫ1 and one KЈ value at one temperature, a second KЈ at a second temperature can be calculated using a rearrangement of the van't Hoff plot (14) . 
